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Label Free Colorimetric Biosensing Using Nanoparticles
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In this review article, we discuss a class of biosensors that exploit the change in the colorimetric
properties of noble metal nanoparticles in response to biomolecular binding at their surface. Several
sensor fabrication techniques as well as sensor configurations are discussed with an emphasis on
their strengths and limitations. We conclude by presenting the future prospects and challenges for the
successful transition of this technology from the laboratory to a commercial product.
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ligand binding; biosensor.

INTRODUCTION been shown to trigger a visual change that can be used
to sense these chemical agents at parts-per-billion con-
The direct, label-free transduction of biomolecular centration in the atmosphere [3]. The fabrication of pro-
interactions into a physico-chemical signal that can be tein nanoarrays using dip-pen-nanolithography and their
easily and sensitively quantified in real-time is critical use for the detection of protein binding by measuring the
to applications in clinical diagnostics, real-time detec- change in the height of the nanoarray by AFM has also
tion of environmental and biological toxins for field-use, been recently reported [4].
and in proteomics. Various approaches to exploit advances In a quest for technologies that meet the demands of
in nanoscience and nanotechnology for bioanalysis havebioanalytical detection—real time detection, high sensi-
been recently reported, as the thrust in biosensor researchivity, high throughput, and low sample volume—several
moves towards miniaturization and multiplexing so as to groups including ours are investigating the use of noble
simultaneously and rapidly detect a large number of an- metal nanoparticles and nanostructdras optical trans-
alytes in ever-smaller volumes to increase sensitivity and ducers of biomolecular binding events. The optical trans-
throughput and reduce cost. duction by noble metal nanoparticles is based upon the
The direct transduction of biomolecular binding has phenomenon of nanoparticle surface plasmon resonance
been recently demonstrated by a wide range of nanoscalg(nanoSPR). NanoSPR is the collective oscillations of sur-
transduction mechanisms. Nanometer scale bending offace electrons induced by visible light and is responsible
microfabricated cantilevers in response to biomolecular for the intense colors exhibited by colloidal solutions of
binding [1] has been used to detect clinically relevant con- noble metals such as gold and silver. NanoSPR is an in-
centrations of prostate-specific antigen [2]. The reorien- terfacial phenomenon, and can be used in two comple-
tation of liquid crystals tethered to a nanostructured gold mentary colorimetric modes to transduce biomolecular
surface in the presence of low molecular weight organic binding events at the nanopatrticle surface. In the first—
molecules (e.g. organophosphorous or organoamine) hasnterparticle—mode, changes in the proximity of gold or
silver nanoparticles due to their aggregation in suspen-
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the nanoparticle suspension due to long-range couplingfulfilled at a wavelength when

of surface plasmons. The interparticle distance-dependent

color change of silver or gold nanoparticles due to their

@)

e1(w) = —2em

aggregation has been used in solution-based immunoasAt resonance, nanoparticles display a maximum in their
says [5], and has been used by Mirkin and colleagues optical extinction. In intraparticle nanoSPR, binding of a

to design DNA sensors with femtomolar sensitivity [6—
8]. In the second—intraparticle mode, the optical signal

arises from the dependence of the peak intensity and po-
sition of the surface plasmon absorbance of gold and sil-

ver nanoparticles upon the local refractive index of the
surrounding medium, which is altered due to binding at
the nanopatrticle-solution interface [9,10]. In this review,
we focus on this latter mode of optical transduction of
biomolecular binding at the interface of the nanoparticle-
solution interface.

NOBLE METAL BIOSENSORS: THEORY

Noble metal nanoparticles (e.g., gold and silver) dis-

target biomolecule to a receptor-functionalized nanoparti-
cle in aqueous solution increases the local refractive index
(i.e.increases the value gf) of the surrounding medium.
Because the dielectric constani()) of gold and silver
decreases with increasing wavelength [15], Eq. (1) shows
that an increase iny, redshifts the resonance wavelength
as well as increases the extinction at resonance—a prop-
erty thatforms the basis of optical transduction of receptor-
analyte binding in intraparticle nanoSPR.

In interparticle nanoSPR, which is caused by aggre-
gation of nanoparticles, a redshift is observed in the plas-
mon resonance accompanied by an increase in the extinc-
tion at higher wavelengths-600 nm) and a broadening of
the extinction band. The changes in the optical properties

play unique size, shape and composition dependent opticalof the aggregates are caused by the change in the electro-
properties. For example, an aqueous solution of gold and magnetic (EM) field strength experienced by the nanopar-

silver particles of 20 nm diameter appears brilliant red
and yellow respectively. Gold and silver belong to a fam-
ily of “free” electron metals that have a filled valence shell
but an unfilled conduction band. The colors exhibited by

ticles. The effective EM field strength experienced by an
individual nanopatrticle in an aggregate, is the combina-
tion of the incident electric field and the scattered EM field
from neighboring particles. The optical properties of the

nanoparticles of these metals arise through interaction of 2ggregate depend on several parameters [13,16], which

incident light with the “free” electrons resulting in reso-
nant excitation of an oscillating dipole [11,12].

Mie first proposed a theoretical model to explain the
optical extinction (sum of the absorption and scattering
properties) of spherical noble metal nanoparticles. The
optical extinction of nanopatrticles with a radiug that is
much smaller than the wavelength of light (2 1) can
be adequately explained by the simplified Mie formula
(Eqg. 1) [13,14].
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whereoey: is the extinction coefficient of the nanoparticles

Text(®) = 9%8%/2VN

and is the sum of the absorption and scattering contribu-

tions, w(= 27 v) is the angular frequency of the incident
light, em(= N2y is the wavelength independent dielec-
tric constant of the medium surrounding the nanopar-
ticles, e(w) = e1(w) + ie2(w) is the wavelength depen-

include the number of nanoparticles in an aggregate, the
shape of the nanoparticles, the distance between particles
in the aggregate, and the volume fraction and orientation

of the aggregate with respect to polarized light.

BIOSENSING USING NOBLE METAL
NANOPARTICLES ® SYNTHESIZED
FROM WET CHEMICAL SYNTHESIS

In this section we discuss the use of chemically syn-
thesized noble metal nanoparticles in two alternative for-
mats for the development of intraparticle nanoSPR biosen-
sors: (1) solution based nanoSPR sensors and (2) surface
nanoSPR sensors. Both of these modalities rely upon the
availability of chemically synthesized nanoparticles, and
we therefore first briefly summarize the current state of the
artin the chemical synthesis of different types of nanopar-

dent dielectric constant of the metal nanoparticles, and ticles that can be used to fabricate nanoSPR biosensors.

is assumed to be the same as that of the bulk material.

e1(w) = n? — k? ande,(w) = 2nk, wheren is the refrac-
tive index and is the extinction constant of bulk gold or
silver. V(= 4/3xr?3) is the nanoparticle volume ard is
the number density of the nanoparticles.

According to Mie theory, the resonance condition is
dependent on the refractive index of the medium and is

Next, we review the use of these nanoparticles as opti-
cal transducers for solution-based sensors, followed by a
discussion of a sensor in chip format, which involves the

5Spherical nanoparticles are referred to by the generic name of nano-
particles but anisotropic particles are referred by their specific shape
(e.g. nanoprisms, nanorods, nanoshells, nanocubes).
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immobilization of these nanoparticles on optically trans- 55+
parent substrates. 504
’E‘ 454
Wet Chemical Synthesis "f:’ 40+
N 351
A typical synthesis of spherical nanoparticles of P ol
gold or silver involves reduction of its metal salt in § 25
solution, and proceeds in three stages [17-19]. In the t
first stage, metal ions are reduced to metal atoms, which a 207
then undergo rapid collisions to form stable icosahedral 154
nuclei of 1-2 nm in size. The initial concentration of 101
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Molar Ratio (Citrate/HAuCI,)

nuclei depends on the concentration of the reducing
agent, the solvent, temperature and reduction potential
of the reaction. This stage, which is typically complete

in a few seconds, is important because it determines the
heterogeneity in the size and shape of the nanoparticles.
Further growth of the nanoparticles occurs, in the second

Fig. 1. The size of gold nanoparticles as a function of the molar ratio of
sodium citrate to hydrogen tetrachloroaurate (HA)CI

stage, by reduction of metal ions on the surface of
the nuclei, until all the metal ions are consumed. The
third and final stage involves prevention of nanoparticle
aggregation, which is typically achieved by the addition
of stabilizing agents. For example, gold nanopatrticles

sodium borohydride in the presence of BSPP [22] results
in the formation o~8 nm diameter particles whereas the
use of PVP as the reducing and protective agent results
in larger particles with diameters that range from 15 to
36 nm [21].

are stabilized by electrostatic repulsion due to ad- Due to their unique shape-dependent optical prop-
sorbed citrate ions on their surface that impart negative erties, substantial efforts have been devoted to the syn-
charge to the nanoparticles. Gold nanoparticles with thesis of anisotropic particles such as high-aspect ratio
diameters in the range of 2-5 nm have been stabilized nanorods [24], multimetal micrometer rods [25], silver
by thiol-capping agents [20]. Poly(vinylpyrollidone) nanoprisms [26], and silver and gold nanocubes [27]. The
(PVP) and bis(p-sulfonatophenyl)-phenylphosphine different growth rates of various faces of the nuclei can
(BSPP) have been used to stabilize silver nanopar- be exploited to synthesize anisotropic nanostructures. In
ticles [21,22]. Adsorbed proteins can also stabilize one synthetic approach, nanoparticles are physically en-
nanoparticles, and prevent their aggregation at high salttrapped inside rod-like micelles or nanotubes so asto force
concentrations. their growth in a specific crystallographic direction, lead-
The size of nanoparticles is controlled by varying ing to the formation of high-aspect ratio nanorods and
the ratio of the reducing agent to metal salt. Increasing nanowires [24,28,29]. Polymers can also reduce or en-
the molar ratio of reductant to metal salt causes rapid for- hance the growth of nanoparticles in a specific crystallo-
mation of a large number of nuclei and leads to smaller, graphic direction resulting in the formation of structurally
monodisperse metal nanoparticles. In contrast, decreasinganisotropic nanoparticles. For example, PVP is believed
the molar ratio leads to slow formation of a few nuclei, and to reduce growth rate in th&00 directions and/or in-
results in larger nanoparticles with a greater heterogene-crease growth rate in thél11) direction, to produce
ity in size. Figure 1 shows the inverse dependence of the nanocubes [27]. Inhomogeneous core-shell nanoparticles
size of gold nanoparticles, on the molar ratio of sodium are of interest for biosensing, because their optical prop-
citrate to hydrogen tetrachloroaurate. Another method to erties can be independently controlled by changing the
control the size of metal nanopatrticles is by using different thickness of the shell and by the overall diameter of the
combinations of reductant and stabilizing agent. For gold core-shell nanoparticle (Fig. 2). Core-shell nanoparticles
nanoparticles, the use of sodium citrate as the reductantcan be chemically synthesized by a number of routes
results in spherical nanoparticles with a diameter in the such as silica nanotemplate-assisted electroless deposi-
range of 12-100 nm, whereas the use of white phospho-tion [30] or by using silver nanoparticles as sacrificial
rus produces nanoparticles with a diameter of 5-12 nm templates [31].
[23]. Even smaller particles of few nanometers in diame- These chemical strategies for the control of the
ter can be synthesized by reduction of HA@I an or- size and shape of gold and silver nanopatrticles are ex-
ganic solventin the presence of a thiol-capping agent [20]. tremely valuable because the optical properties of these
For silver nanopatrticles, the reduction of silver nitrate by nanoparticles are dependent on their size and shape. The
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Fig. 2. (A) Calculated extinction spectra of spherical gold nanoshells human heart fatty acid binding protein (hFABP) to gold nanoparticles
with a core diameter of 25 nm and a shell thickness of: 1.65. 2.0. 3.0, coated with an anti hFABP antibody. The change in extinction at 600 nm

and 6.0 nm. (B) The relationship between the peak extinction wavelength Was measured in acommercial clinical analyzer. The hFABP dose added

(peak position, nm)) and the reciprocal of shell thicknéss,(nm2): to 180y.L solution of gold nanoparticles were 0.5 ng)( 0.9 ng ¢), 1.9
max = 503 + 363 1. Reprinted with permission frorAnalyst2003, ng (+), 3.3 ng @). Reprinted with permission fromnalyst1998,123
128, 686-691. Copyright 2003 Royal Society of Chemistry. 1599-1603. Copyright 1998 Royal Society of Chemistry.

optical properties, inturn, control the performance of these

nanoparticles as optical transducers in nanoSPR sensors€Xxtinction at 600 nm was used to track the dose dependent

antibody-antigen binding kinetics (Fig. 3) and quantify

the affinity of the interaction. The assay was performed in

an automated clinical analyzer, which also demonstrated
The different types of gold and silver nanoparticles the feasibility of high-sample throughput. These studies

described previously can be used as optical transduc-were important because they set the stage for the use of

ers for nanoSPR. The refractive index-dependent color gold and silver nanopatrticles for clinical diagnostics and

change of spherical, homogeneous gold nanoparticles wassensing.

first used to develop a solution phase immunoassay to

monitor the binding kinetics of antibody-antigen inter-

actions in real time [32,33]. In these seminal studies, Chip-Based NanoSPR Sensor

40 nm gold nanoparticles, synthesized by citrate reduc-

tion of a hydrogen tetrachloroaurate solution, were coated

with monoclonal antibodies specific for human ferritin, In this section, we review recent progress in the

human chorionic gonadotropin (hCG) and human heart fabrication and characterization of chip-based nanoSPR

fatty acid binding protein (hFABP). Incubation of the sensors. Chip based nanoSPR biosensors, in which

antibody-coated nanopatrticles with a solution of their anti- nanopatrticles are immobilized on an optically transparent

gen caused a red shift in the SPR extinction as well as ansubstrate, are attractive because the sensor chips can be

increase in the extinction at 600 nm. The increase in the fabricated and interrogated in an array format for rapid,

Solution-Based NanoSPR Sensor

Overview
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Fig. 4. The steps involved in the fabrication of a nanoSPR biosensor and its use for quantification of biomolecular
interactions.

high-throughput screening of biomolecular interactions. surface optically respond to a change in the local refractive
In this review of chip-based nanoSPR architectures, we index induced by spin casting polymers of different thick-
discuss the two components that together constitute aness onto the immobilized gold nanoparticles [36]. They
surface-based nanoparticle SPR biosensor—the opticalshowed that both the resonance wavelength as well as peak
transducer and biological detector. We emphasize in this absorbance of the immobilized nanoparticles increased
discussion the characterization the sensing volume andwith an increase in thickness of the spincast polymer film.
sensitivity of the sensor to the changes in the local refrac- We have further extended this concept by demonstrating
tive index. We then describe coupling of the biomolec- proof-of-principle of a colorimetric biosensor in a chip
ular detector to the optical transducer to create a func- format that is capable of real-time, label-free detection of
tional nanoSPR sensor, which involves: (a) activation of biomolecular binding [9]. We showed that the change in
the nanopatrticle surface and immobilization of the recep- refractive index caused by receptor-ligand binding at the
tor and (b) binding of target biomolecules and characteri- surface of the nanoparticle causes a large enough optical
zation of the sensor performance (Fig. 4). change that enables real-time monitoring of the kinetics
The development of chip-based nanoSPR sensorsof binding of a model receptor and analyte.
was stimulated by the studies of Natan and colleagues
who showed that gold nanoparticles can be self-assemble
from solution onto a glass surface that was functional-
ized with amine or thiol groups [34,35]. The assembly
of anionic, citrate stabilized gold nanoparticles on these The major steps in the fabrication of a functional
functionalized surfaces is controlled by strong attractive nanoSPR sensor are: fabrication and characterization of
interactions between the nanoparticles and the functionalthe nanoparticle optical transducer, characterization of the
groups on the surface and by repulsive electrostatic inter- receptor ligand binding system that acts as a biological
actions between the gold nanoparticles. This approach ofdetector and coupling of the optical transducer to the bi-
chip fabrication is technically simple, yields reproducible ological detector to create a functional nanoSPR sensor
and stable immobilized gold nanoparticles on glass, and (Fig. 4). The fabrication of the optical transducer involves
can be easily scaled up for manufacturing. An added ad- activation of a glass substrate (or other optically trans-
vantage of solution-based assembly of chemically synthe- parent material) and self-assembly of metal nanoparticles
sized nanopatrticles is the ability to control the nanoparticle on the functionalized glass substrate. A variety of differ-
density on the surface by changing the solution conditions ent “receptors” such as antibodies and their engineered
during colloidal self-assembly. A significant limitation of fragments, DNA and peptide nucleic acid aptamers, pep-
this method, however, is that nanoparticle assembly on tides and synthetic receptors of non-biological origin are
the surface occurs via spatially random adsorption with- available or are under development for different analytes
out long-range order so that fabrication of a periodic array of interest [37—39], and are not discussed further in this
of nanostructures on the surface is not possible by this article. The final step in the fabrication of the sensor is
method. activation of the nanoparticle surface and coupling of the
Okamoto and colleagues first demonstrated that gold receptor to the transducer. We discuss each of these steps
nanopatrticles, self-assembled on a functionalized glassin greater detail in the remainder of this section.

dFabrication and Optical Characterization
of a NanoSPR Chip
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The first step in the self-assembly of nanoparti- wavelength AA™®)is 72 nm/RIU (RIU= refractive index
cles on the glass surface is to introduce amine or thiol unit) and the change in maximum extinctiohExt™®) as
groups to enable chemisorption of the metal nanoparti- well as the change in extinction at 575 nlEXts75nm)
cles to the surface [34]. The preferred route for intro- is linear as a function of refractive index (Fig. 5B). The
duction of these moieties is by silanization of the glass measurement at an off-peak resonance wavelength of 575
surface using amine- or thiol-terminated alkoxysilanes nm was chosen for subsequent studies because it is exper-
[40]. Two forces drive the assembly of gold nanopar- imentally easier to implement.
ticles on an amine-functionalized surface: diffusion of We also investigated the influence of particle size on
negatively charged nanoparticles towards the positively the sensitivity of nanoSPR sensor by fabricating sensor
charged amine-functionalized surface and interparticle re- chips with seven different sizes of gold nanoparticles with
pulsion between the negatively charged nanoparticles ondiameters ranging from 12 to 50 nm. The shift in peak res-
the surface. The solution concentration of nanoparticles, onance wavelengthy(A™#) as a function of the refractive
time of incubation, temperature, pH and ionic strength of index of the solution is relatively constant with nanopar-
the solution are variables that can be used to control theticle size. However the extinction sensitivity, defined as
density of the chemisorbed nanoparticles on the surface. AExts7snn{RIU, increases from 0.4 for 12 nm diameter
Negatively charged nanoparticles can also be assembledyold particles to 1.25 for-40 nm diameter particles.
on the surfaces coated with positively charged polymers Previous studies have shown that, for anisotropic
such as polylysine and polyethyleneimine. The assembly particles, the shift in the resonance wavelength is more
needs to be stable in water, so that the assembled nanoparsensitive to the local refractive index when compared to
ticles remain stably bound to the surface upon extendedspherical nanoparticles [41]. Preliminary experiments in
incubation in an aqueous solution, conditions that are com- our laboratory using spherical silver nanoparticles and sil-
monly encountered in most biosensors. It is also impor- ver prisms corroborate this finding. The wavelength sen-
tant that the surface immobilization of the nanopatrticles sitivity, defined asA A™®/RIU, of 120 nm and 220 nm for
does not interfere with their subsequent functionalization the spherical nanoparticles and prisms were obtained. A
to enable presentation of the receptor at the nanoparticle-similar study by Xiaet al. using hollow gold nanoshells
solution interface. assembled on glass showed a much largef?/RIU of

The sensitivity of immobilized nanopatrticles to the 408.8 [42]. These observations are also consistent with the
change in refractive index of the surrounding environment theoretical work by Schatz and colleagues, who showed
can be easily determined experimentally. Monolayers of thatanisotropic nanoparticles have amuch higher EMfield
nanoparticles are prepared on glass and immersed in dif-enhancement due to plasmon resonance as compared to
ferent solvents with refractive indices ranging from 1.33 spherical particles [43,44]. Together these studies demon-
to 1.495 and their extinction spectra are measured in thestrate that the optical response of metal nanostructures to
range of 350-850 nm. An illustrative example (Fig. 5A) changes in the local refractive index is a complex func-
shows a red shift in the peak resonance wavelength astion of their composition, size and shape. Recent advances
well as an increase in the peak extinction as a function of in solution based synthesis of anisotropic nanopatrticles,
the solution refractive index. The shift in peak resonance such as shells, prisms, rods and cubes, now provide an
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Fig. 5. Extinction spectra and plot of EX®* and Ext7snm as a function of the refractive index of
the surrounding medium for 12 nm diameter gold particles. The solvents were: watet.83),
ethanol 6 = 1.36); 3:1 (v/v) ethanol:toluenen(= 1.39), 1:1 (v/v) ethanol:toluenen(= 1.429), 1:3
(v/v) ethanol:toluenen(= 1.462), and toluenen(= 1.495).
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Fig. 6. A) Change in extinction spectrum of a 12 nm diameter gold nanoparticle monolayer due
to layer-by-layer deposition of polyelctrolytes. B) Peak extinction as a function of the number of
deposited polyelectrolyte layers for 12 nm and 39 nm diameter gold nanoparticles immobilized
onto an amine-functionalized glass surface.

exciting opportunity to undertake a systematic experimen- nanoSPR sensor [9] because the wide use of this model
tal investigation of the effect of the composition, size system for validation of other biosensors enables compar-
and shape of nanoparticles upon their performance asison of the nanoSPR biosensor with other platforms under
nanoSPR sensors. development [10,47—-49]. A monolayer 89 nm spher-

A second and important property of nanoSPR sen- ical gold nanoparticles on glass was functionalized by
sors, which has implications for the actual performance formation of a SAM of 3-mercaptopropionic acid (MPA)
of the sensor in quantifying receptor-analyte interactions, to present terminal COOH groups at the surface of the
is the sensing distance of the sensor. The sensing distancgold nanoparticles. The COOH groups were then activated
is the distance from the surface of the nanostructure ex-with a 1:1 mixture of 1l-ethyl-3-(dimethylamino)propyl
tending into the bulk solution within which a change in carbodiimide (EDAC) and pentafluorophenol (PFP) in
refractive index can be detected. We used layer-by-layer ethanol and then reacted with an amine-terminated biotin
deposition to sequentially deposit polyelectrolyte layers derivative (biotin-amine) to covalently tether the biotin
of opposite charge on immobilized gold nanoparticles to the gold surface. The biotin-functionalized nanoSPR
with a diameter of 12 nm and 39 nm to systematically chip was subsequently incubated with 5.@/mL of
vary the thickness of the overlayer [45,46]. Positively streptavidin for 3 hr, and the extinction spectrum of the
charged poly(allylamine) hydrochloride (PAH; M\A nanoparticle monolayer was measured in a conventional
70,000 Da) and negatively charged polystyrene sulfonate UV-visible spectrophotometer. A shift iA™® and an
(PSS; MW= 70,000 Da) were used for layer-by-layer de- increase in EXt®* were observed for each functionaliza-
position. Ten polyelectrolyte layers were deposited on the tion step (Fig. 7), which is consistent with an increase in
surface and the extinction spectrum of the immobilized
gold nanoparticles was measured after each step.

Typical results for a nanoSPR chip fabricated from 0.7+
12 nm diameter gold patrticles are shown in Fig. 6A. The 0.64
AExt"®for 12 nm and 39 nm diameter gold particles is
plotted for layers 0, 2, 4, 6, 8, 10 (Fig. 6B). There are -
two important observations that are relevant to the perfor- 2 0.4

+———Au, -MPA-Biotin-
Streptavidin

Ay, -MPA-Biotin

mance of these immobilized nanoparticles as nanoSPR g 0.34 Au,,-MPA
transducers. First, the magnitude of extinction change 50 2 Au

(AEXxt™®) in response to polyelectrolyte deposition in-
creases with particle size and second, #fExt™® sat-
urates at a much smaller number of layers for smaller 0.0
nanoparticles, indicating that smaller particles have a
smaller sensing distance compared to larger nanopatrticles.

Fig. 7. Change in the extinction spectrum of immobilized gold nanopar-

ticles (~39 nm diameter) on glass after each step in functionalization.
Receptor-Analyte Detection by NanoSPR Legend: Ayp: gold nanoparticle on glass; fs_MPA; Aunp with a

o o o . SAM of MPA; Aunp—MPA-Biotin: Aunp— MPA with covalently bound
We selected the streptavidin-biotin binding inter- pjotin at the surface; and Aw_ MPA-Biotin-streptavidin: Aup_ MPA-

action for proof-of-concept studies of the immobilized Biotin after incubation with 5.Qug/mL of streptavidin.

400 500 600 700 800
Wavelength (nm)
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0,06 lo.0s 0.014, butthis ratio increases two-hundred fold for 100 nm
. e nm : diameter gold particles [11,12]. Gold and silver nanopar-
0.04- 40.04 ticles are also much stronger light scatterers due to their
K & plasmon resonance, as compared to particles that do not
£ 0.034 40.03 m L. . .
=4 X exhibit plasmon resonance; a 30 nm silver particle scat-
5 0.02- 134nm {0.02§ ters light~2000 times more strongly than a polystyrene
0.01. i lo.01 3 particle of the same size. Due to their large scattering
) ’ cross-section, single nanoparticles of gold or silver that
0.00- J0.00 are adsorbed on to an optically transparent surface can
001 o1 1 10 160 be.easl;il)'/ visualiz”ed b%/ darl; fizlqﬁoptig:al rlrjicros]cc:opy,b(lje—
Streptavidin Concentration(ug/ml) lsl,gﬁte eing smaller than the diffraction limit of visible
Fig. 8. Extinction change at 575 nm for immobilized 39 nm (squares) The change in refractive index of the surrounding

diameter_and at 550 nm for 13.4 nm diar_netgr (triangles) spherical gold medium also changes the spectrum of the scattered Iight-

Paa\/?;?]aggﬁlcejnttr::;;vire functionalized with biotin as a function of strep- a property that has been used to design a single nanopar-
ticle optical sensor. Schultz and colleagues have demon-
strated that single spherical silver nanopatrticles (diameter

the local refractive index. These results demonstrate that40—90 nm, peak resonance wavelength00—-480 nm)

a chemisorbed monolayer of gold nanoparticles on glasshave an average sensitivity of 160 nm/RIU in a single

can be used to transduce ligand-receptor binding at a sur-particle detection mode, and that the sensitivity of silver

face into an extinction change with a sensitivity that is nanoprisms (longest dimension 55-120 nm; peak reso-

useful for biosensor applications. nance wavelength-600-700 nm) is 350 nm/RIU [50].

We further investigated the concentration-dependent The advantage of single particle sensing includes the re-

extinction change to determine the dynamic range and sen-duction in sample volume and the potential for large scale

sitivity that can be achieved for streptavidin-biotin binding multiplexing, although the requirement for integrating sin-

using this sensor. Biotin functionalized sensor chips fab- gle particle nanoparticle sensor with sample dispensing

ricated from spherical gold nanoparticles with a diameter and detecting unit are technological challenges that need

of ~39 nm were incubated with streptavidin as a func- to be addressed.

tion of solution concentrations ranging from 0.,Q&/mL

to 10 ug/mL, and the extinction change at 575 nm was

measured as a function of time. A calibration plot of the pRECT SURFACE FABRICATION

absorbance change at 575 nm, as a function of strepta-or NANOSTRUCTURES FOR NANOSPR
vidin concentration for immobilized 39 nm gold particles

is shown in Fig. 8 alo_ng with the calibration_ plot for a There are number of other methods to fabricate
nanoSPR sensor fabricated from 13.4 nm diameter gold nanostructures suitable for nanoSPR on surfaces that
nanoparticles and reported earlier by us [9]. These resgltsdo not involve the chemical synthesis of noble metal
clearly show that the nanoSPR sensor fabricated usingpangparticles and their immobilization on a surface. The
39 nm gold nanoparticles has a much higher sensitivity 1o most common methods high-resolution lithography

for the streptavidin-biotin interaction. This finding is also 5 nanosphere lithography are briefly reviewed in this
consistent with the higher sensitivity to the local refractive  ggction.

index and larger sensing distance of the 39 nm patrticles as
compared to a nanoSPR sensor fabricated from 13.4 nm
diameter gold nanoparticles.

The strong scattering properties of noble metal
nanoparticles is also potentially of interest in the devel-
opment of nanoparticle biosensors. This is because the Optical lithography is the key technological driv-
extinction of noble metal nanoparticles has contributions ing force in the semiconductor industry. Over past three
from both absorbance and scattering. The extinction of decades, the feature size of semiconductor devices fabri-
small nanoparticles is dominated by their absorbance butcated by optical lithography has shrunk from/a in the
scattering becomes the major component with an increasefirst generation of integrated chips, to features with dimen-
in particle size. For example, for 20 nm gold particles, sions of~180 nm in current devices [51]. The ensemble
the ratio of their scattering to absorbance cross section isof fabrication techniques that are centered around optical

Fabrication of NanoSPR Sensors
by Sub-Micron Lithography
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lithography can also be easily adapted to create supported500 nm away from the NSOM source by the propagated
arrays of gold and silver nanostructures with sub-micron surface plasmons.
dimensions for nanoSPR. The advantages of creating nanostructures using EBL

Conventional optical lithography cannot, however, include exactcontrol overthe shape and size of the features
be used to fabricate features with sizes of a few tens of and the ability to control the interfeature separation. EBL
nanometers. This is because the resolution limit in op- is a very useful fabrication technigue to prototype nanos-
tical lithography is defined by Rayleigh’s equation=R tructures for nanoSPR and two recent studies illustrate the
kiA/NA where is the wavelength of the light, NA is the  ultility of this fabrication methodology for fundamental re-
numerical aperture of the optical system &ads a con- search in nanoSPR. The primary limitation of EBL for the
stant that depends on the experimental setup and variedabrication of noble metal nanostructures on a surface is
from 0.4 to 1.0 [52]. The practical resolution is usually that EBL is a serial processing method, and can therefore
close to the wavelength of the light used for photolithog- only be used to create nanostructures over a small area.
raphy and is currently around 180 nm for ultraviolet This precludes its use at this time for the low-cost, high-
sources. volume fabrication of supported metal nanostructures for

Several new high resolution lithographic techniques nanoSPR.
capable of fabricating sub-100 nm size features are con- Recently, several new low cost, high-resolution and
sequently under development such as extreme ultraviolethigh-throughput fabrication techniques for generating
lithography (EUV), X-ray lithography, and electron beam nanostructures have been developed such as nanoimprint
and ion beam lithography [51,52]. EUV and X-ray lithog- lithography [56-58], soft lithography [59-61], and dip-
raphy use wavelengths of 11-13 nm and 1 nm respectively, pen nanolithography [62—65]. The relative advantages and
and therefore allow the fabrication of features with lateral limitations of these technologies for fabrication of noble
dimensions of several tens of nanometers. Although thesemetal structures on the surface for design of nanoSPR
techniques enable very small nanoscale features to be fabbiosensors remains a relatively unexplored area of inves-
ricated, they are technologically challenging to implement tigation at this time.
and are also extremely expensive, so that access to these
fabrication methodologies is currently limited.

E-beam lithography (EBL) is an alternative approach
for nanofabrication, which uses magnetic lenses to fo- Rubinstein and colleagues have demonstrated that
cus an electron beam to a submicron spot size. The fo- nanoislands of gold can be directly fabricated onto glass
cused e-beam is rastered to directly write a desired patternsimply by controlling the deposition conditions [66]. They
onto a resist-coated substrate. In a recent use of EBL forshowed that ultrathin gold films (thickness &fLO nm)
nanoSPR, an array of nanostructures fabricated by EBL, evaporated on a transparent substrate typically form
was used to study the effect of the interparticle separation nanoscale island-like structures whose size and interfea-
on plasmon coupling [53,54]. These studies showed that ture separation can be controlled by changing the evapora-
A" of the nanostructure red-shifts as a result of interpar- tion parameters. The optical spectra of these metal nanois-
ticle interactions, and that the interaction decays exponen-lands show a plasmon resonance peak&®0 nm. They
tially with increasing interparticle separation and becomes also showed that the adsorption of different molecular
negligible when the distance between the particles exceedsspecies on these thin gold nanoislands causes a red-shiftin
the particle size by a factor of 2.5 [53]. the plasmon resonance wavelength as well as an increase

EBL was also recently used as a fabrication technique in the absorbance intensity, parameters, that were used to
to demonstrate that the interparticle coupling of plasmons follow the kinetics of adsorption of a small cyclic disulfide.
can be used to transport electromagnetic energy belowA similar strategy was also used to detect the hybridization
the diffraction limit [55]. An array of rod shaped silver of an oligonucleotide to its complementary strand that was
nanoparticles with dimensions of 90 nr80 nmx 30 nm immobilized on the gold nanoislands [67]. They also ob-
separated by 50 nm were fabricated by EBL, and a nearserved that enhanced sensitivity from DNA hybridization
field-scanning optical microscope (NSOM) was used to was obtained when the probe oligonucleotide was labeled
excite surface plasmons in a single silver nanoparticle in with gold nanoparticles, probably due to surface plasmon
this array. The excited plasmons were shown to couple coupling between the gold island on the surface and the
into neighboring patrticles, resulting in propagation of the gold nanoparticles attached to the probe oligonucleotide.
incident light along the nanoparticle array. A fluorescent The most attractive feature of this fabrication method is its
particle, with an excitation wavelength that overlapped the simplicity in that it does not require sophisticated lithog-
surface plasmon wavelength, could then be excited up toraphy or masking techniques, and a minimal number of

Direct Deposition of Metals Nanoislands
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processing steps. On the other hand, this method has sigtive index of their surrounding medium, with a maximum
nificant limitations in the lack of precise control over the peak resonance wavelength shifte?00 nm/RIU, so that
nanoisland shape, the interfeature separation, and lack ofthese nanostructures are capable of optically transducing

long-range order. small changes in refractive index that accompany the re-
ceptor ligand binding at the nanopatrticle surface. In a re-
NanoSPR Fabricated by Nanosphere Lithography cent study, these supported silver nanostructures exhibited

) ) a limit of detection (LOD) of<1 pM for the streptavidin-
Nanosphere lithography (NSL), pioneered by Van piqsin interaction [10]. Van Duyne and colleagues have
Duyne and colleagues, is the third fabrication method that 55 recently shown that these nanostructures can be used
has been used to create nanostructures directly on optically, the scattering mode for biomolecular detection [71].
transparent substrates. NSL involves coating a glass sub- The lower LOD obtained with silver nanostructures
strate with a suspension of polystyrene nanospheres where, g compared to gold nanospheres is due to two reasons:

they selfassemble in a hexagonal closed packed array. Thejt sjlver nanoparticles have an intrinsically greater sen-
substrate is then mounted in a vacuum chamber and S'Iversitivity in nanoSPR compared to gold for nanoparticles
orgoldis deposited throgghthe mask created bythe_close-of the same size and shape. More importantly however,
packed polystyrene particles [68—70]. The substrate is thengisotropic nanostructures such as truncated tetrahedron
removed from the chamber, and the polystyrene particles

. ; are more sensitive than isotropic particles (e.g., spheres)
are removed leaving behind truncated tetrahedral nanos+, the refractive index of the surrounding medium. As

tructures of the deposited metal on the surface. The size,ied in the previous section, a comparable sensitivity

of the nanostructures and their spacing can be changed,qn pe achieved in nanoSPR by sensors that are fabricated

by changing the size of polystyrene nanospheres that are,j; sejt-assembly of chemically synthesized anisotropic
used as the physical mask and by varying the amount of picjes. Although NSL is a useful method for fabrica-

deposited metal. tion of nanoSPR sensors, polystyrene colloids are diffi-

Tru_ncated tet_rahedral.n_anostructures of silver cre- it to assemble at high coverage over large areas with-
ated using NSL (Fig. 9) exhibit a plasmon resonance band ot jntroducing significant defects, so that their use as

that is tunable from 400 to 6000 nm simply by changing gisnosable masks in NSL make this fabrication method-
the size and shape of the nanostructures [68]. The Op-goqy rather expensive and impractical for high-volume
tical properties of tetrahedral silver nanostructures have ¢oprication of nanoSPR chips. Nevertheless, NSL re-
also been shown to be extremely sensitive to the refrac- . 5ins a simple and useful method for the bem’:h-top fab-

rication of supported metal nanostructures for research
in nanoSPR.

FUTURE DIRECTIONS

Prospects

The future is bright for nanoscale photonics biosen-
sors. We believe that the colorimetric changes of an en-
semble of supported metal nanostructures in response
to analyte binding is an exquisitely simple technology
that will enable the development of low-cost, miniatur-
ized and rugged optical sensors for the real-time, label-
free optical detection of a wide variety of biomolecu-
lar interactions. These sensors are likely to be useful in
diverse operating environments ranging from field-use,
point-of-care clinical diagnostics and sensors to bioan-
Fig. 9. Tapping mode AFM image of a silver nanoparticle array fabri- ~ alytical devices for laboratory use. In comparison with
cated by nanosphere lithography on a glass substrate. Image area is Jnany other approaches for the fabrication of nanoscale
um x 1 um. Polystyrene sphere with a diameter of 400 nm were self- dsensors, nanoSPR is unique in terms of its simple fabri-

assembled on glass to create the mask for nanosphere lithography, an ti I detecti . ti Lliaht t
the height of the silver nanostructure is 50 nm. Reprinted with permis- C210N &S Well as aetection using conventional ight trans-

sionJ. Am. Chem. So2001,123 1471-1482. Copyright 2001 American  Mission or scattering through an ensemble of supported
Chemical Society. metal nanostructures.




Label Free Colorimetric Biosensing Using Nanoparticles 387

In the near term, the extension of single channel the shape selectivity of these syntheses as well as to
nanoSPR to multiplexed sensors is an immediate tech-control the heterogeneity in the size and shape of these
nological challenge to be met. There are at least two dif- nanostructures. In parallel, progress in unconventional
ferent approaches that can be taken to fabricate multi- “top down” nanolithography techniques and “bottom up”
plexed nanoSPR sensors that can integrate nanoSPR witmanoassembly approaches to fabrication of nanoSPR sen-
commercially available instrumentation to create high- sors will also enable inexpensive, large-scale fabrication
throughput, low cost biosensors that are compatible with of metal nanostructures directly on a substrate that are
current assay formats. In the first approach, receptor- suitable for nanoSPR.
functionalized nanoparticles can be assembled within con- Finally, the relative lack of mechanistic understand-
ventional 96/384/1536 well plates and their color change ing of the principles that govern nanoparticle formation
in response to biomolecular binding can be measured on aalso remains a critical hurdle that must be overcome to
multiwell plate reader, which takes advantage of the ubig- accelerate the development of nanoSPR biosensors. Al-
uity of multiwell absorbance plate readers. In a second though significant progress has been made in developing
approach, functionalized nanoparticles can also be spot-a theoretical understanding of the optical properties of
ted onto functionalized glass slides by a robotic arrayer nanoparticles as a function of their size, shape and com-
and the array can be interrogated by a CCD camera. position, a systematic investigation of the optical proper-

Another approach to multiplexing nanoSPR sensors ties of nanostructures with the specific goal of optimizing
is to functionalize metallic nanopatrticles that have unique their performance as nanoSPR sensors has been lacking.
optical signatures with different receptors [25]. We envi- We believe that a tightly coupled theoretical and experi-
sion that with advances in nanoparticle synthesis, it will mental approach is required to quantify the effect of the
be possible to synthesize a diverse library of noble metal composition and structure of nanoparticles on their perfor-
nanoparticles such that each type of nanopatrticle in the li- mance as nanoSPR sensors. These studies will ultimately,
brary will have a unique optical response to biomolecular we believe, lead to the development of quantitative models
binding. This approach will enable large scale multiplex- that will allow ab initio design of nanoSPR biosensors, a
ing of nanoSPR based on the unique optical response ofgoal that remains elusive at this time.
each member of that library.

Finally, the ability to optically image a single metal
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